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Phonons definition 

A phonon (i.e. a lattice wave) is described by : 

Åa wave vector, q :  determines the direction of propagation  

Åa dispersion relation, ▲‫ ╕▲, relates the wave vector of a phonon, q, to its 

energy, ▲‫ 

Åa polarization vector, ▄▲Ḋ gives the direction of atomic displacements. For each q, 

three types of waves : 1 longitudinal (compressional) for ▄▲ȾȾ▲ and 1 transverse 

(shear) ▄▲Ṷ▲ 

Åan occupation number given by the Bose-Einstein distribution : ὲȟ▲‫

ρȾὩὼὴüȟȾὯὝ▲‫ ρ 
 

Schematic representation of a 
transverse wave 
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Q = ͓ q(energy in state q)*(group velocity of phonon q)  

Q= -Ϟ Tͅ  Ϟ thermal conductivity  
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Phonons submitted  to a thermal gradient (non equilibrium  thermodynamics ) 
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Ex. : TA(100)011 phonons in Ge  
‫ ȟ ςφȢυή ςρȢυή 
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τͯπππ άȢί  

Which phonons 

Experimental tools : 
  
Inelastic X-ray Scattering  (IXS)  
Inélastic Neutrons Scattering (INS) 

1Thz=103GHz~4meV~48K 

ʇὝ ʇ‫ȟὝὨ‫ 

Dynamical thermal conductivity 



Binary cages materials Ba8Si46 (silicon clathrate of type I) 

- Regular arrangement of Si20 (5
12,dodecahedra) and Si24 cages 

(tetrakaidecahedra,51262) 
 
- Cubic cell : Pm-3n (223), a~10.3 Å 

~˂1-2 W/mK 
hhl : l=2n 
00l : l=2n 



X-ray and Neutron diffraction 

Neutron : interact with atomic nuclei (and 
magnetic fields from unpaired electrons) 

Ὅ  ͯὊὗ  ὥὺὩὧ Ὂὗ  Ὢ Ὡ ϽὩ  

fi : atomic scattering factors depends on the interaction of X-ray/Neutrons with matter  

X-ray : interact with the electron 
clouds of an atom 

fi ~Z  
ὦ  ͯςȢρφ 

ὦ  ͯσȢςσ 
Ὢͯ ὦ 

ὤὛὭ ρωτ 

ὤὄὥ σρσφ 

X-ray and Neutrons 
weighted Bragg intensities 
in the scattering plane  
(HH0)/(00L) 



X-ray and Neutron phonon intensity 
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Dynamical structure factor 

Acoustic limit (ⱷ▬▐O  close to the zone center 

ω Atoms are vibrating in phase  : ▄ȟ▲ ▄ȟ▲  

ω Q = q + G ~ G  
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Bragg 400 



Neutrons 
Rayons X 
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Wave vector 600 Ą 611 Wave vector 600 Ą 611 

X-ray vs Neutrons weighted phonons intensities 
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eL // q  

eT2Ṷq 

eT1ṶÑ 

Phonon polarization term ╠Ͻ▄▬▐ ( ◌░◄▐ ╠ ╠║ ▲ ) 

Transverse 

╠Ͻ▄ ͯ ὗ Ὡ ╠Ͻ▄ ͯ ὗ Ὡ 

Longitudinal 



Neutron triple axis spectrometer 

Neutron analyzer  
18 cm * 10 cm 

Desired incident (Ὧ , Ὁ) and  
diffused (Ὧ , Ὁ) neutrons are 

selected from the beam using 
ǎƛƴƎƭŜ ŎǊȅǎǘŀƭǎ ό.ǊŀƎƎΩǎ ƭŀǿύ 

ü╠ ü▓░ ü▓█
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Neutron (INS -3axes) 
 
Beam size ~cm2 

 
GHz20ºwD

1nm05.0q -ºD

1Thz=103GHz~4meV~48K 

Conservation equations : 

Neutrons (~20 meV) 



Undulators 

Monochromator 
Si (n,n,n) 

D9κ9 Ғ 10-7 

å 

2q 

Q 

Mirror  
 vertical focusing 

qB 

T-scan Ғ mK 

Inelastic X-ray scattering  spectrometer 

75 m 

1 curved crystals analyzer :  
12 000 crystal 0.6*0.6*3 mm3 

(Ei,Ef)~20 keV >> ü̟  
High energy resolution backscattering cristals :  

ɝὉȾὉͯ ρπ ᵼɝŘκŘҐɻɝ¢  όɻ ςȢυφ ρπ ὑ    

Temperatures of monok and analyzer controlled in the mK-range 
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 Ba8Si46  
(5 GPa et 1000 °C, ILM Lyon) 

Ba8Ge40Ni6 

(Bridgman furnese, MPI Dresden) 

V ~ 0.4 cm3 

Samples 

Rayons X Neutrons 

V ~ 2.10-4 mm3 

Array built of several 
single crystals for 
neutrons.  
V=350 mm3 



Neutron mapping of transverse phonons 


